EXPERIMENTAL PROCEDURES
Genes coding for the double DNA-binding proteins and DNA used in the DNA migration retardation assays were synthesized by polymerase chain reaction using oligonucleotides approximately 60 nucleotides long, purchased from Integrated DNA Technologies, synthesized at the 200 nM scale, purified by polyacrylamide gel electrophoresis, and dissolved in dH 2 O at 1 mg/ml.
The sequences of the I 1 I 2 , I 1 -21-I 1 , and I 1 -32-I 1 DNAs used in the migration retardation assay were TTTGCTAGCCCTAGCATTTTTAT-CCATAAGATTAGCGGATCCTACCTGACATATCGCGTTTACT, TTT-GCTAGCCCTAGCATTTTTATCCATAGCTACTGGTACCGTCTCATG-GAAATTAGCATTTTTATCCATATCGCGTTTACT, and TTTGCTAGC-CCTAGCATTTTTATCCATAGCCTAGCGTCGTTGACTGGTACGGTC-TCACAG AGATTAGCATTTTTATCCATATCGCGTTTACT, where the I 1 or I 2 half-sites are underlined.
The double DNA-binding proteins were constructed using the twostep polymerase chain reaction protocol as described previously (6). All genes described here were cloned into pSE380, a 4.4-kilobase plasmid containing the promoter p trc , a ColE1 origin of replication, lacO operator, LacI q repressor gene, and ampicillin resistance (Invitrogen, San Diego, CA). Plasmid constructs are summarized in Table I .
The first DNA binding domain of each double domain protein consists of AraC amino acids 169 -283 at least, and the second DNA binding domain consists of AraC amino acids of at least 175-292. For the linkers connecting the DNA binding domains, we chose amino acids from the linker region of the yeast mating-type repressor protein, ␣2 (7). The linker provides the yeast repressor protein with sufficient flexibility that it can bind to a variety of spacings and orientations of its DNA half-sites (8) . The linker was flanked on either side by two amino acids dictated by the restriction endonuclease sites EcoRI and BamHI. The proteins were expressed in strain SH321 (F Ϫ , araC Ϫ leu1022, lac74, galK Ϫ , str r ) (9). Arabinose isomerase was assayed as described (10) . Cells were grown in liquid minimal salts media with 0.4% glycerol and 0.4% casamino acids to an apparent optical density at A 550 nm of between 0.300 and 0.600 in the presence and absence of 0.2% arabinose as noted.
DNA migration retardation assays were performed as described (11) . Proteins were overexpressed in a 5-ml culture, which had been inoculated with 16 l of stationary phase SH321 cells and then grown in the absence followed by the presence of isopropyl-1-thio-␤-D-galactopyranoside for 90 min. Cells were pelleted by centrifugation, resuspended in 300-l buffer containing 100 mM K 2 PO 4 , 50 mM KCl, 10% glycerol, 1 mM EDTA, 1 mM dithioerythritol, and 1 mM phenylmethyl sulfonylfluoride, and then lysed by sonication. Samples were centrifuged, and the supernatant was added to 175 l of 100% glycerol. Western transfer experiments coupled with stained SDS gels show that the various linker proteins constitute about one-twentieth of 1% of the protein in the lysates. Radiolabeled DNA template was incubated in the presence of calf thymus DNA, arabinose, and buffer containing 50 mM KCl, 25 mM Na-Hepes, pH 7.4, 2.5 mM dithioerythritol, 0.1 mg/ml bovine serum albumin, 0.1 mM K-EDTA, 5% glycerol, and 1% arabinose. 1 l of cell lysate was added, and the reaction was incubated at 37°C for 10 min and then loaded on a gel containing 6% acrylamide, 0.1% bisacrylamide, 0.1% ammonium persulfate, and 0.2% N,N,NЈNЈ-tetramethylethylenediamine. The gel was run in a recirculated chilled buffer containing 10 mM Tris acetate and 1 mM K-EDTA, pH 7.4, at 75 V for 1 h. Gels were dried under vacuum and exposed overnight to phosphor plates. A Molecular Dynamics PhosphorImager was used to scan and analyze the gels.
RESULTS
The C terminus of MarA consists of amino acids 111-124, corresponding to AraC amino acids 278 -291. This C-terminal stretch lies across the side of the protein opposite the DNA binding site. If the corresponding C-terminal stretch in AraC is attached tightly to the core, shifting the attachment point of the linker to the first DNA binding domain toward the Cterminal end of the protein should effectively shorten the maximum distance that the two DNA binding domains can be spaced when binding to direct repeat half-sites as illustrated in Fig. 2 . If instead, the C-terminal stretch is loosely attached as also shown in Fig. 2 , moving the attachment point toward the C terminus of the protein effectively lengthens the linker and increases the maximum distance that the two DNA binding domains can be separated when binding in a direct repeat orientation.
To test whether the C-terminal stretch of AraC is held firmly against the body of the DNA binding domain or whether it is loosely attached, we performed a series of DNA binding assays with the double AraC DNA binding domain proteins and three DNA templates, wild type ara I 1 I 2 , I 1 -21-I 1 , which contains two helical turns between the half-sites, and I 1 -32-I 1 , which contains three helical turns. If the C-terminal stretch is held tightly to the body, shifting the linker attachment point to the first DNA binding domain from AraC amino acids 263 to 292 will result in a shortening of the maximum distance of separation between the centers of the structured cores of the two DNA binding domains and decrease the binding ability to widely spaced DNA binding sites. However, if the association is weak, shifting the linker attachment point will result in a lengthening of the maximum separation among the centers of the structured cores of the DNA binding domains. This will allow the protein to bind to DNA with more widely separated half-sites. Fig. 3 and Table II show that pTH11 binds not as well as pTH13 does with increasing distance between the binding sites. This result indicates that the C-terminal stretch, indeed, is held firmly to the body of the protein. (14) .
plates with the half-sites separated by two and three additional helical turns of the DNA. The binding of the C-terminal stretch to the body of AraC is strong enough that this interaction remains intact when attached to a second AraC DNA binding domain via a flexible linker and when this entire protein is bound to DNA. The binding energies required to bind a double AraC DNA binding domain protein to I 1 half-sites separated by three helical turns are insufficient to strip the C-terminal stretch from the body of the DNA binding domain.
This work also provides data against a proposal for the mode of dimerization of AraC in the absence of arabinose and the mechanism of response to arabinose made on the basis of the crystal packing arrangements of the dimerization domain of AraC in the presence and absence of arabinose (12) . AraC protein was proposed to loop between distal DNA half-sites and repress the araBAD operon in the absence of arabinose when dimerized by a face to face interaction that allowed the DNA binding domains to be separated by 140 Å or greater and to cease looping and activate transcription when the separation distance was decreased by a shift in the dimerization interface.
The proteins encoded by pTH15 and pTH16 allow greater than 140-Å separations, and as shown in Table II , strongly induce the ara p BAD promoter. Other data also show that the alternative interface mechanism is inapplicable to AraC (13) . 
